Synthesis of a Co-Mo sulfide catalyst with a hollow structure for highly efficient hydrodesulfurization of dibenzothiophene † The hollow structure significantly improves the exposure degree of active components, resulting in an ultra-high activity for HDS of dibenzothiophene.
Hydrodesulfurization (HDS), particularly ultra-deep HDS, has become one of the most important hydrorefining processes for transportation fuels because of the increasingly stringent environmental regulations and air pollution issues worldwide. 1 Currently, supported transition metal sulfides, such as CoĲNi)Mo/γ-Al 2 O 3 and NiĲCo)W/γ-Al 2 O 3 , are the most commonly used HDS catalysts; nevertheless, they are not able to reduce the sulfur content to an ultra-low level of the specifications under normal reaction conditions because of the limited loading amount of active components. without hollow structures. The high catalytic activity is thought to be attributed to the abundant corner sites of surface MoS 2 slabs that are favorable for the desulfurization of DBT.
The Co-Mo precursor can be prepared through a coprecipitation process from CoĲCH 3 COO) 2 ·4H 2 O and (NH 4 ) 6 Mo 7 O 24 ·4H 2 O in an ethanol-water mixed solution at 85°C for 4 h. As shown in Fig. 1a and b, the obtained precursor is composed of one-dimensional rod-like particles with smooth surfaces. The uniform contrast of the particles in Fig. 1b indicates their solid and dense characteristics. The XRD pattern of the Co-Mo precursor (Fig. S1a in the ESI †) shows that most of the diffraction peaks can be well assigned to the standard patterns for the CoMoO 6 ·0.9H 2 O phase (JCPDS No. 14-0086), and several weak diffraction peaks are attributed to the CoMoO 4 phase .
9 The high-resolution TEM (HRTEM) image in Fig. 1b reveals wellresolved lattice planes of Co-Mo precursor particles, and the interplanar spacing measured (6.69 Å) is very close to that of the (001) planes of the CoMoO 6 ·0.9H 2 O phase, indicating a preferential growth along the direction parallel to the (001) planes.
The sulfurization process of the Co-Mo precursor was carried out at 160°C and 2.0 MPa H 2 for 6 h, using an ethanol solution of CS 2 as a sulfurization agent. The sharp contrast between the interior and the wall of the sub-microtubes suggests that the rod-like structures of the precursor have evolved into open-ended tube-like structures completely (Fig. 1c) after the sulfurization. Although the sizes of submicrotubes are different, their wall thickness (ca. 10-20 nm) is relatively uniform. The corresponding XRD pattern reveals that the crystalline structure of the CoMoO 4 phase transformed into an amorphous structure (Fig. S1b †) . Since the color of the Co-Mo precursor changes from violet to black after the sulfurization, the amorphous structure is considered to be Co-Mo polysulfide. After calcination at 400°C for 4 h under a N 2 atmosphere, the polysulfides decomposed and released their extra sulfur atoms, resulting in the appearance of the diffraction peaks of the MoS 2 (JCPDS No. 74-0932) and Co 9 S 8 (JCPDS No. 86-2273) phases (Fig. S1c †) . Despite the obvious change in crystalline structure of the sub-microtubes, their morphology and particle size remained nearly the same (Fig. 1d) , which proved their good structural stability under high temperature treatment.
The structural evolution of the Co-Mo precursor during the sulfurization reaction was investigated to understand the formation process of the tube-like structure. The duration of the sulfurization varied from 0 to 3.0 h, where 0 h means that the reaction system was heated to 160°C and then cooled down to room temperature immediately, and the evolution of morphology and crystalline structure against duration are shown in Fig. S2 and S3. † For comparison, another sulfurization reaction was conducted under the same conditions except that ethanol was replaced with decalin as solvent. After 6 h, the Co-Mo precursors were well transformed into sulfides (Fig. S4 †) , while the solid structures remained unchanged (Fig. S5 †) , indicating that the ethanol solvent plays a key role in the formation of tube-like structures.
In the presence of H 2 , CS 2 can be easily converted into H 2 S which then reacts with the Co-Mo precursors. In general, sulfurization starts from the external surface of the oxide precursor particles, and then proceeds inwards through the diffusion of sulfur atoms from the outer layer until the oxide precursor has been converted into sulfide completely; 10 the whole process needs several hours because the diffusion rate of sulfur atoms in the interior of the particles is very slow. Interestingly, this process can be finished within 1 h in this work, which reveals that ethanol really matters. Based on the above results, the possible formation process of the tube-like structure is schematically illustrated in Fig. 2 . Initially, one proportion of the metal atoms on the surface of the particles is sulfurized, and the other is dissolved in ethanol to form metal ions at the same time. These metal ions are thought to be rapidly sulfurized into sulfides, and then deposited on the rod-like particle surface, which generate many small sulfide nanoparticles eventually during the dissolution- 
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sulfurization-deposition process (Fig. S2b †) . As the sulfurization continues, the dissolution-sulfurization-deposition process is repeated, which makes the formed sulfide nanoparticles grow gradually (Fig. S2d †) . Because the metal sulfide is chemically passive, ethanol as an "etching agent" can only dissolve the inner unsulfurized metal atoms. Along with the dissolution, many separate voids are increasingly created inside the rod-like particles which then connected with one another, finally forming the integrated tube-like structure (Fig. S2f †) . It is confirmed that the etching effect of ethanol accelerates the sulfurization of the inner metal atoms and encourages the formation of tube-like structures.
By means of an atomic absorption spectrometer, the ethanol solution after sulfurization is analyzed, and only 1.9 ppm Co and 53.3 ppm Mo are detected, showing that during the formation of the hollow structures, there is hardly any loss of active metals. To be more specific, the active metals etched in ethanol re-deposit onto the particle surface to construct the sub-microtubes. This synthetic method is surely helpful for preparing other bimetallic sulfides or oxides with tubelike structures.
The HDS activity of the as-prepared Co-Mo sulfide submicrotubes was investigated in a continuously stirred tank reactor at 2.0 MPa H 2 for a certain duration, using a decalin solution of DBT as the model reactant. For comparison, as a reference catalyst, a Co-Mo sulfide sample without a hollow structure was synthesized through a conventional method (see the ESI †). Because the above used Co-Mo precursor is the same as that for the preparation of the sub-microtube catalyst, the effect of particle size on the catalytic activity can be ignored here. The TEM image shows that the reference catalyst is composed of solid rod-like particles that inherit the structure of the Co-Mo precursor (Fig. S6 †) . The XRD pattern shows that its crystalline structure is very similar to that of the sub-microtube catalyst ( Fig. S7 †) ; however, its HDS activities are much more different. As shown in Table 1 , the reaction rate of DBT over the sub-microtube catalyst was calculated to be 14.5 mmol g cat −1 h −1 , about 8.2 times as much as that over the reference catalyst, which could be attributed to the difference in microstructure. As measured using N 2 sorption isotherms (Fig. S8a †) , the reference catalyst's specific surface area (SSA) is 17.1 m 2 g −1 , and the pore size is mostly below 5 nm (Fig. S8b †) , while the sub-microtube catalyst's SSA reaches 49.4 m 2 g −1 , and the number of mesopores larger than 5 nm increases markedly. Because the inner diameter of most sub-microtubes is around 100 nm which cannot be measured by the N 2 sorption method, the increment of the SSA is thought to be dependent on the increased mesopores, which mainly originated from the gaps between the particles that construct the sub-microtube walls, and the gaps are obtained from the ethanol etching process. Commonly, higher surface areas and more mesopores can supply more active sites, and thus the two catalysts are characterized by the H 2 -TPR technique in order to confirm this view (Fig. S9 †) . Apparently, the TPR profiles of the two catalysts show a strong reduction peak at 150-350°C, assigned to the reduction of surface sulfur atoms that are weakly bonded to Mo atoms. 11 It is agreed that if the surface sulfur atoms are reduced, the coordinatively unsaturated sites (CUS) will be created in situ, which are responsible for the HDS activity. 12 And in this work, according to the reduction peak areas, the hydrogen consumption for the sub-microtube catalyst is calculated to be about twice as much as that of the reference catalyst, thus more CUS will be created on the surface of the sub-microtube catalyst during the reaction in the presence of H 2 , which will surely lead to a higher HDS activity. (Fig. S11) . Moreover, considering that the CUS may originate from a separate MoS 2 phase or MoS 2 phase decorated by Co atoms (so-called Co-Mo-S phase), to further understand the nature of the CUS, XPS characterization was thus carried out (Fig. 3) . The results show that for the two catalysts only a small amount of CUS is generated from the Co-Mo-S phase, in which the number of CUS from the Co-Mo-S phase for the sub-microtube catalyst (32.2%) is more than that for the sub-microrod catalyst (20.7%) (Table S1 †). Considering that XPS only detects the near-surface of materials, and the testing depth of XPS is generally less than 10 nm which is smaller than the thickness of the sub-microtube wall, thus the internal surface of the sub-microtubes cannot be detected, which means that the actual content of the Co-Mo-S phase would be higher. In addition, the peak of Co 2p assigned to the Co oxide state is observed, which may be because the surface Co of the fresh catalyst is easily oxidized after exposure to air during sample transfer.
13
For Mo-based HDS catalysts, although some controversial views about the nature of the active sites still exist, 14 it is widely accepted that CUS located on the edge of the MoS 2 slabs are the active sites for HDS reactions. However, the length and stacking number of the MoS 2 slabs can affect the location and distribution of CUS, thus catalysts with the same number of CUS may vary in HDS activities. In view of this, these two catalysts are analyzed by HRTEM (Fig. S10 †) , and the characteristics of the morphology of (Co)MoS 2 slabs were statistically evaluated (see Table S3 †). The results show that the (Co)MoS 2 slabs on the reference catalyst particles look like several long and straight lines, while those on the sub-microtube catalyst particles are much shorter and more curved, which by contrast supply more corner sites that are responsible for improving the direct desulfurization capabilities of DBT. 15 As a result, the sub-microtube catalyst reveals a much higher HDS activity than the reference catalyst, although the proportion of the Co-Mo-S phase for the sub-microtube catalyst is 1.5 times higher compared to that of the reference catalyst. Generally, the HDS process of DBT undergoes two parallel routes: direct desulfurization (DDS) and hydrodesulfurization (HYD). The DDS route leads to the formation of biphenyl compounds through direct C-S bond rupture, while the HYD route, via a hydrogenation-desulfurization process, leads to the formation of cyclohexylbenzene. As shown in Tables 1  and S4 , † the predominant liquid product is biphenyl for the two catalysts. It is reported that the main effect of cobalt promotion on MoS 2 is electronic by nature, 16 which strongly enhances the DDS route. 17 Therefore, the conversion of DBT in this work mainly undergoes the DDS route. In order to compare with published results, the HDS activity of the Co-Mo sub-microtube catalyst was described in different expressions, such as the apparent reaction rate (mol g cat −1 s −1 or mol mol metal −1 s −1 ), rate constant (L g cat −1 s −1 ), and TOF value (s −1 ). As shown in Table S2 , † the catalyst prepared in this work demonstrates a much higher activity for HDS of DBT than unsupported Co-Mo and Ni-Mo catalysts.
Note that the involved reaction temperature and H 2 pressure are lower than those of published works, which means that under the same reaction conditions, the as-prepared catalyst will exhibit a higher activity.
To sum up, in order to sufficiently use the active components of an unsupported catalyst, a facile method involving co-precipitation and low-temperature sulfurization in ethanol solution is developed to prepare porous Co-Mo sulfide submicrotubes with open-ended structures. The formation of sub-microtubes is closely dependent on the dissolving and etching functions of ethanol. This special structure supplies a relatively high SSA and active component exposure degree, which generate more HDS active sites, resulting in better HDS performance.
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